fitted with reducing valve and a flow meter calibrated to register with approximate accuracy rates of flow of less than I liter per minute. A similar side tube, F, is used to obtain samples of inspired air, either into exhausted sampling tubes or directly into the burette of the Haldane gas analysis apparatus. By means of the three-way stop-cocks B, B' the subject may be made to inhale from and exhale into the room air through the meter, and his normal respiratory rate and minute volume may be determined. When the stop-cocks are turned the apparatus becomes a closed circuit, inspiration and expiration being from and to the Douglas bag A. In addition, the side limb of the stop-cock B' can be attached to the three-D TEXT-FIG 1. Rebreathing apparatus. A, modified Douglas bag; B, wide bore three-way tap; B' wide bore three-way tap; C, rubber mouthpiece; D, dry gas meter; E and F, small bore side tubes.
way outlet of a Tissot spirometer so that the subject could be made to inspire either room air from the free limb of the Tissot outlet, or pure oxygen, or any other required gas mixture from the spirometer, exhaling it through the meter and out into the room air through the opened stop-cock B. By means of the meter, graduated in liters and tenths of a liter and capable of being read with approximate accuracy to 0.05 liter, the respiratory rate, minute volume, and average tidal air could be readily determined with the aid of a stop-watch and tally hand register. These were determined as a rule over a 3 minute period every 5 minutes throughout the experiment, the remaining 2 minutes of the 5 being given to counting the pulse rate and writing down the figures. At exactly the middle of the 3 minute period a sample of inspired air was taken for analysis. In those experiments in which the Douglas bag contained pure oxygen to begin with, the carbon dioxide alone was estimated and the sample was taken directly into the burette of the Haldane gas analysis apparatus. The analysis could be satisfactorily completed and the apparatus cleared in sufficient time for the next sample 5 minutes later. In experiments in which room air was used and oxygen added to replace that utilized, the samples were collected in exhausted sampling tubes and subsequently analyzed for carbon dioxide and oxygen. The experiments were carried out in the morning, from 1 to 2 hours after a light breakfast. During half an hour prior to the experiment the subject sat quietly in a chair in such a position that the only movement required in commencing the experiment was the insertion of the mouthpiece and adjustment of the nose clip.
At the commencement of each experiment, from three to five periods of observation were taken with the subject breathing room air. The average minute volume of pulmonary ventilation obtained from these observationswas taken as the normal and formed the basis for calculation of the " ventilation coefficients" in the subsequent experiment, after the manner described by Peabody (2) . This author takes the average normal minute volume as 100, and the subsequent minute volumes as percentage increases over this figure. Thus, when the ventilation is doubled, the coefficient is 200. A coefficient of 400 indicates that the ventilation has increased to fourfold.
II.

The Normal Response to Carbon Dioxide.
Six experiments were made on different days in order to determine the limits of variation and average normal response to increasing concentrations of carbon dioxide in a single individual. Table I gives the findings in a typical experiment. In this experiment oxygen was added to the bag during the rebreathing period at a rate slightly greater than 250 cc. per minute. In spite of the fall in the oxygen percentage of the inspired air, it is probable that the alveolar oxygen percentage remained approximately normal, owing to the greatly increased minute volume of pulmonary ventilation.
It will be noted that in the subject under investigation the rate of respiration increased but little until the inspired carbon dioxide increased to approximately 5 per cent. The response was mainly manifested by increase in depth. In a few experiments on another subject the results were less clear-cut, rate sometimes increasing earlier and more markedly than depth. This variation in response has been previously noted by Hough (3) , who found that twenty-three out of twenty-five normal individuals showed an early increase in depth while in the remaining two the respiratory rate increased prior to an increase in depth.
The results of our six experiments are shown in Text- fig. 2 , in which the ventilation coefficient has been plotted against the percentage of carbon dioxide in the inspired air. The curve is the one which was found empirically to fit the results most closely. It was so drawn that the average of the variations above the curve equals that of those below it. The results show a considerable divergence from those of Peabody (2) and of Scott (1) . Text- fig. 3 shows the limits of normal response of the present subject in the six experiments that involved rebreatbing room air and in five of rebreathing oxygen. On the same figure we have included the limits found by Peabody in nine normal individuals, and the curves of the two normal individuals investigated by Scott. None of these findings can be compared with the results of Lindhard (4) and of Campbell, Douglas, Haldane, and Hobson (5) because in these latter the minute volume of total pulmonary ventilation is not given. The reasons for the divergence between our results and those of Scott and Peabody are not evident. We must conclude, therefore, that the respiratory response to carbon dioxide in the inspired air shows marked variations in different individuals, and indeed in any given individual on different days. We have no evidence leading us to suppose that this variable response is necessarily due to variations in the excitability of the respiratory center itself. It might be due to other factors such as the hemoglobin concentration, to slight variations in the carbon dioxide-carrying capacity of the blood, or to slight changes in metabolism.
Lyon (6) From a glance at this table it can be seen that while X is in arithmetical progression, the successive increases of Y (A Y) are in geometric progression, at any rate for values of X up to 5. The relationship between X and Y can therefore be expressed by a formula of the type Y = K + abz. Substituting several sets of observed values for X and Y, the constants K, a, and b were found to be 94, 6, and 2, respectively, the general expression being Y = 95 + (6) these mathematical constants may have some physiological significance, but our present data give no indication regarding what this may be. The formula expresses very exactly the respiratory response to carbon dioxide for percentages up to 5 per cent. Beyond this point the observed results show a progressive fall below the calculated values. There are physiological reasons for this divergence. Assuming that the equation correctly expresses the relation between carbon dioxide stimulus and respiratory response, it is evident that it can only hold within limits and that beyond a certain point the ability to respond will be progressively limited by failure of the muscles of respiration and perhaps by failure of or changes in other systems. For values of X up to 4 or 5 the respiratory response does not demand any abnormal effort, but beyond that point the effort required to maintain the greater pulmonary ventilation, together with the increased resistance in the breathing circuit, would give rise to fatigue which would manifest itself in just such a divergence as is shown between the observed and calculated response. It is noteworthy, also, that in the subject under investigation, this "breakaway" occurred at approximately the point at which increased depth alone was insufficient to take care of the demand for increased pulmonary ventilation. Obviously the facts cannot be expressed in terms of the WeberFechner law. They indicate rather that the natural logarithm of the response increases in proportion to the stimulus.
IV.
The Respiratory Response to Carbon Dioxide in the Presence of High
Oxygen Percentages.
The fact has been clearly established that in conditions of anoxemia the respiratory center is abnormally sensitive to increases of carbon dioxide concentration, but the effect of increased oxygen percentages upon the respiratory response to carbon dioxide has given rise to controversy. Previous workers have studied this point with reference to the alveolar ventilation, not the total pulmonary ventilation. The alveolar ventilation cannot be determined directly, but is calculated from the percentages of carbon dioxide in the alveolar and inspired air.
Lindhard (4) considered that in the presence of a high oxygen percentage in the inspired air, the sensitivity of the respiratory center to carbon dioxide is greatly diminished, while Campbell, Douglas, Haldane, and Hobson (5) have held that the sensitivity of the respiratory center to carbon dioxide is unaltered even by wide variations in the percentage of oxygen inspired. The difference of opinion would seem to depend upon the methods used in determining the carbon dioxide percentages of the alveolar air, and calculating the alveolar ventilation.
Benedict and Higgins (7) found that the breathing of pure oxygen produced no change in the character, depth, or frequency of the respiration as recorded by means of a pneumograph.
We have performed six experiments in which pure oxygen was rebreathed. The results are shown in Text- fig. 4 . In this figure the curve of Text- fig. 2 is reproduced by means of a broken line. It can be seen that the difference between the two curves is well within the limits of normal variation. It is to be noted, however, that the respiratory response to inspired carbon dioxide is slightly greater in the presence t 0 of high oxygen percentages. We have also compared the minute volumes when breathing room air and pure oxygen. The results are shown in Table III which gives the average minute volumes,-each one based upon from three to five 3 minute periods of observations,-together with the mean deviations. The average percentage difference for the whole six experiments is + 2.6. In view of the fact that in some cases the percentage increase differed but little from the mean deviation we are unwilling to lay any stress on this increase. We would point out, however, that it might be accounted for by an attempt on the part of the respiratory center to compensate for the slight fall in pH resulting from the increased oxygen saturation of the arterial blood when pure oxygen is breathed. This, however, can only be regarded as a possibility. In view of the very small difference in the respiratory response to carbon dioxide with normal and in- creased oxygen percentages this matter can be definitely decided only through statistical methods based upon a large amount of data collected under carefully standardized conditions.
V.
The Influence of Fatigue upoln the Respiratory Response to Carbon Dioxide.
In order to determine whether the respiratory response to carbon dioxide was altered by fatigue, we attempted to compare the minute volume of respiration before and after a period of breathing through resistances while the subject was breathing a mixture containing 5.84 per cent of CO 2 . The minute volume with this percentage was less after the resistance period than before, but so also was the minute volume with ordinary room air, the ventilation coefficient being actually greater. Owing to our inability to interpret this result, as well as the difficulty in obtaining a satisfactory resistance, we abandoned this method of inducing fatigue, and resorted to a comparison of the results in several successive rebreathing periods. By this means it was found that the response was definitely less in the second, third, scattering. This irregularity was more marked when the inspired CO was below 5 per cent and may possibly have been due to some instability of the respiratory center brought about by fatigue. For the higher percentages of carbon dioxide the response in the second and third periods was very definitely less than in the first and fell well below the normal limits of variation for the subject. Similar results were obtained in a second experiment. The details of this experiment are shown in a protocol and in Text- fig. 6 . In this experiment the ventilation coefficients for percentages of CO 2 between 2 and 5 were markedly increased in the third and fourth rebreathing periods, rising well above the normal limits of variation, while for percentages above 5 they fell below the normal limits. These findings suggest the possibility that there may have been two kinds of fatigue involved-that of the respiratory center, involving an irritability and an increased response for the lower levels of carbon dioxide, and that of the muscles of respiration, manifested by inability to respond at the higher levels of carbon dioxide concentration when the demands for pulmonary ventilation were much greater. In this experiment samples of venous blood for estimations of pH were taken with a minimum of stasis and analyzed by the method of Hastings and Sendroy (8) and the carbon dioxide content by the constant volume method of Van Slyke (9) . The pH varied by only 0.01, but the carbon dioxide content increased by from 5 to 7 volumes per cent (see protocol), indicating a considerable increase in the carbon dioxide-combining power. This increase might account partly for the diminished respiratory response at the higher levels of carbon dioxide concentration. The point requiresfurtherinvestigation.
SUMMARY.
1.
A technique for determining the respiratory response to carbon dioxide on the Peabody principle is described.
2. The relation between minute volume of total pulmonary ventilation and percentage of carbon dioxide in the inspired air can be expressed by a simple mathematical formula, viz. Y = K + abe, in which Y is the ventilation rate, X is the CO 2 content of the inspired air, and K, a, and b are constants characteristic for the individual.
3. The respiratory response to carbon dioxide as expressed by the total pulmonary ventilation is slightly greater at high oxygen percentages (90 per cent -) than at normal oxygen percentages in the inspired air.
4. Respiratory fatigue may consist of two elements-one nervous, manifesting itself in increased excitability of the center and a more marked response when the demand for pulmonary ventilation is small, the other muscular and involving an inability to respond when the demand for pulmonary ventilation is great.
We are indebted to Dr. A. B. Hastings for assistance in the mathematical portion of Section III, and to Messrs. Julius Sendroy, Jr., and Tully Curitz for the pH and blood gas findings in the fatigue experiment.
